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(54) Combined interferometer and refractometer. 

(57) A combined interferometer and refractometer 
includes two interferometers each of which 
uses a light beam produced from a common 
source which are split into measuring compo- 
nent beams and reference component beams. 
The measuring component beams are directed 
along parallel paths to an object and are reflec- 
ted back from reflecting surfaces on the object 
which is so positioned as to produce a fixed 
path length difference between the beams. The 
reflected beams are re-combined with the refer- 
ence component beams to produce output 
beams which pass to a detector system which 
derives an output signal from each. Changes in 
refractive index are determined from any differ- 
ence in the two output signals, and the distance 
moved by the object is determined from any 
change in either one of the output signals or by 
summing them and dividing by two. Methods 
are described whereby the measurements of 
refractive index or of distance can be made 
absolute. 
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The present invention relates to interferometric 
measuring apparatus which combines distance 
measurement with measurement of refractive index. 

it is known from U.S. Patent No. 4,813,783 to use 
a ref ractometer alongside a measuring interferomet- 
er in order to determine the refractive index of the at- 
mosphere in the region through which the measuring 
beam of the interferometer passes. By this means it 
is possible to correct the measurements made by the 
interferometer for changes in refractive index which 
may occur during the measuring operation. 

The system described in the U.S. patent referred 
to above, employs evacuable chambers through 
which each of the measuring and reference beams 
pass, and provides two interferometers which make 
measurements in parallel of the same object. Various 
distance measurements are made with the object at 
different positions and with different ones of the 
evacuable chambers either fully evacuated or open to 
the atmosphere. From the measurements the refrac- 
tive index of the atmosphere is determined, and the 
various distance measurements are corrected for 
changes in the refractive index. 

A known system for providing an absolute deter- 
mination of the refractive index of the atmosphere is 
described in our European Patent Publication No. 
508,583. In this publication there is described at least 
one auxiliary interferometer associated with a meas- 
uring interferometer, and through which a portion of 
the beam of the measuring interferometer is diverted. 
The diverted beam is split to form so-called reference 
and measurement arms which travel along different 
paths having a fixed, known path length difference 
before being re-combined. 

An object of the present invention is to provide an 
alternative interferometric measuring apparatus in 
which a measuring interferometer is combined with a 
ref ractometer. 

According to the present invention there is provid- 
ed interferometric measuring apparatus comprising: 
means for producing two collimated, coherent 
light beams, beam splitting means for producing from 
each of the light beams a measuring component 
beam and a reference component beam, the measur- 
ing component beams being directed in parallel to- 
wards reflecting surfaces on an object the movement 
of which is to be measured, the beam splitting means 
re-combining the respective measuring and reference 
component beams after reflection of the measuring 
component beams from said surfaces to produce two 
output combined beams; 

detector means for receiving each of the two 
output combined beams, 

characterised in that a known fixed path length 
difference is established either between the two ref- 
erence component beams or the two measuring com- 
ponent beams, and the detector means includes 
means for producing from the two output combined 



beams electrical signals indicative of both the relative 
phase difference of the two output combined beams, 
and the temporal phase changes of at least one of the 
output combined beams. 

5 In a preferred embodiment the fixed path length 

difference is established between the measuring 
component beams at the moving object and by this 
means the refractive index of the atmosphere is 
measured effectively at the object where the path 

10 length difference is established. Thus it becomes 
possible to track the variations in refractive index at 
different positions of the object all the way along the 
measuring beam path. Where the atmospheric condi- 
tions are unchanging over a period it becomes possi- 

15 ble to calibrate the beam path. 

The reflecting surfaces may be plane mirrored 
surfaces but are preferably formed on a hollow corner 
cube retro-reflector, or a rooftop retro-reflector 
whereby the measuring component beams returning 

20 to the beam splitter after reflection from the reflecting 
surfaces are laterally displaced from the incoming 
beams to avoid interference with the laser. The retro- 
reflector may itself be, or may be connected to the ob- 
ject being measured. 

25 The path length difference between the two 
measuring beam paths is created in a preferred em- 
bodiment by fixing onto the plane surface of a retro- 
reflector plates of material having the required thick- 
ness and a reflecting surface. The material is prefer- 

30 ably one which has a coefficient of thermal expansion 
close to zero so that variations in the path length dif- 
ference between the two beams due to changes in 
temperature of the material will be insignificant. Alter- 
natively materials having higher coefficients of ther- 

35 mal expansion may be used, but it is then necessary 
to provide means for determining the temperature of 
the material for calculating the effects of temperature 
changes on the path length difference and for making 
appropriate corrections. 

40 The invention will now be more particularly de- 
scribed by way of example only with reference to the 
accompanying drawings in which: 

Fig 1 is a plan view of the components of the ap- 
paratus of the present invention including a dia- 

45 grammatic layout of the electronic components; 

Fig 2 is a view of the retro-reflector of Fig 1 along 
the axis in the direction of arrow A; and 
Fig 3 is a diagrammatic layout of the optical com- 
ponents of an embodiment showing a fixed path 

50 length difference established between the refer- 
ence arms. 

Referring now to Fig 1, there is shown interfero- 
metric measuring apparatus which includes a light 
source 10 which generates a collimated light beam 
55 12. The light beam 12 is split by a beam splitter 14 to 
produce a reflected secondary beam 18 and a trans- 
mitted secondary beam 20. The transmitted second- 
ary beam 20 is turned through 90° by a mirror 16 so 
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that the two beams 18 and 20 become parallel and 
are directed parallel to longitudinal axis 22 of the ap- 
paratus. 

The light source 10 shown in this example is a las- 
er, preferably a laser diode which generates a single 
frequency circularly polarised beam. 

The two secondary beams 1 8 and 20 are directed 
towards two linear interferometers formed by com- 
mon optical components. 

The first component is a hollow rooftop prism 24 
having top and bottom orthogonal plates 26,28 each 
lying at 45° to the axis 22. Plate 26 is a beam splitter 
and plate 28 is a mirror. Plate 26 may be polarising or 
non-polarising and in this example is described as a 
polarising beam splitter. The polarising beam splitter 
26 splits circularly polarised beam 18 into a transmit- 
ted measuring component beam 30, and an orthogo- 
nal reflected reference component beam 32, and 
splits beam 20 into a transmitted measuring compo- 
nent beam 34 and an orthogonal reflected reference 
component beam 36. In each case the polarising 
beam splitter ensures that the reference and measur- 
ing component beams have orthogonal polarisation 
states. The two measuring component beams contin- 
ue along paths parallel to the axis to impinge upon the 
second optical component 40 which is, or is connect- 
ed to, the movable object of the linear interferomet- 
ers. 

The light source 10 may be of any suitable type 
for producing a coherent, collimated light beam, or 
beams. For example, the light source may be a dual 
frequency laser in which case the polarising beam 
splitter 26 is arranged to separate the frequencies, so 
that the one frequency forms the reference compo- 
nent beam and the other frequency forms the meas- 
uring component beam. 

Another possibility would be to have the light 
source 10 produce two separate beams which could 
be directed parallel to the axis without the need for the 
beam splitter 14 and mirror 16. In this case, however, 
there would be the added complexity and cost of en- 
suring that the frequencies of the two beams were 
locked together. 

The second optical component 40 is a retrore- 
f lector which is made up from two glass plates 42,44 
which are symmetrically disposed on either side of, 
and at 45° to, the axis 22 and are rigidly connected to 
a base 45 which is preferably made from a material 
having the same or similar coefficient of linear expan- 
sion as the plates 42,44 (see Fig 2). 

The preferred method of connecting the glass 
plates 42,44 to the base is to grind and polish the low- 
er surfaces of the plates to an optical contact surface 
finish, and then attach them to the base so that they 
stand upright from a side surface of the base. The ex- 
posed upper surfaces of each of the plates 42,44 are 
split into two portions, one portion of each plate being 
provided with a reflecting surface 42A,44A polished 



and coated to a mirror finish, the other portion being 
ground and polished to produce surfaces 42B.44B 
with an optical contact surface finish. Plates 46,48 of 
low thermal expansion material, (for example the ma- 

5 terial sold under the trade name of 2ERODUR by 
Schott GmbH), are attached one to each of the sur- 
faces 42B,44B, the exposed surfaces of the ZERO- 
DUR plates being polished to a mirror finish to provide 
reflecting surfaces 46A.48A. Use of a low thermal ex- 

10 pansion material is preferred to avoid significant 
changes to the physical path length difference of the 
measuring component beams due to temperature va- 
riations, otherwise the temperature of the optical 
component 40 would have to be monitored and fur- 

15 ther corrections to the refractive index measurement 
calculated. 

The transverse spacing of the two measuring 
component beams 30,34 produced by the first optical 
component 24 is such that the beam 30 is directed to- 

20 wards the reflecting surface 46A of one of the ZER- 
ODUR plates, and the beam 34 is directed towards 
the surface 42A of the mirror. Because the plates 
42,44;46,48 are disposed at 45° to the axis, the sec- 
ond optical component acts as a pair of co-linear ret- 

25 roreflectors, and beams 30,34 are reflected back 
along transversely displaced paths to the mirror 28 of 
the first optical component The mirror 28 reflects 
them through 90° to be recombined at the beam split- 
ter with the reference beams 32 and 36 which become 

30 two combined output beams. With this arrangement 
the reference component beams effectively have 
zero length. 

The above-described dual interferometer ar- 
rangement is able to track not only the movement of 

35 the second optical component, but also the refractive 
index of the atmosphere through which the measur- 
ing beams pass. 

The first interferometer uses the measuring com- 
ponent beam 30 and reference component beam 32 

40 to measure the movement of the reflecting surface of 
the ZERODUR reflector on the second optical com- 
ponent The second interferometer uses the measur- 
ing component beam 34 and reference component 
beam 36 to measure the movement of the reflecting 

45 surface formed by the mirrored portion of the second 
optical component The movement of the second opt- 
ical component will cause a temporal phase change 
between the measuring component beams and the 
reference component beams, which will be present in 

50 the combined beams. 

To obtain useable information from the combined 
beams they are passed to respective photodiode de- 
tector systems 50,52 which detect the intensity vari- 
ations caused by interference of the beams in known 

55 manner, and which produce sinusoidal output signals. 
The outputs of the detector systems are passed to re- 
spective counter/interpolators 54,56 which provide 
outputs 58,60 with resolutions of fractions of a fringe 
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count related to the temporal phase changes In each 
of the combined output beams. 

Due to the thickness of the ZERODUR plates, the 
round trip path lengths of the two measuring compo- 
nent beams 32,34 of the two interferometers between 
the two optical components will be different by a fixed 
amount. This would cause no difference in the meas- 
urements made by the two interferometers of the dis- 
tance moved by the second optical component if 
there was no change in the refractive index of the at- 
mosphere traversed by the two beams. However, if 
there is a change in the refractive index of the atmos- 
phere during the measuring operation, there will be a 
change in the optical path lengths of the two measur- 
ing component beams. This change will be different 
for each of the measuring component beams notwith- 
standing the fact that the physical path length differ- 
ence will not have changed. This variation between 
the optical path lengths of the two interferometers will 
produce a phase difference in the combined output 
beams of the two interferometers which will have a di- 
rect relationship to the change in refractive index. 

In order to determine the change in refractive in- 
dex therefore the outputs 58,60 of the two counter/in- 
terpolators are passed to a differencing unit 62 which 
outputs a signal 64 related to the relative phase dif- 
ference of the two combined output beams. 

The measurement of the distance moved by the 
second optical component can be obtained by adding 
the two readings from the counters/interpolators to- 
gether and dividing by two. 

To obtain this measurement therefore the outputs 
of the two interferometers are also passed to a unit 
66 which performs the addition and division and pro- 
vides an output 68 indicative of the true distance 
measurement. Using the signal 64 a correction factor 
can be calculated for correcting the distance meas- 
urement for any change in the refractive index of the 
atmosphere during the measurement. 

In fact since both interferometers have measured 
the same movement of the second optical component 
they will both record temporal phase changes in the 
respective measuring component beams, and a 
measurement of said movement can be obtained 
from only one of the counter/interpolators. 

Thus the present invention provides a combined 
ref ractometer and interferometer system without the 
need for expensive additional equipment, for example 
the vacuum chambers and pumps of the prior art sys- 
tem. 

Also it can be seen that the beams of the ref ract- 
ometer and the measuring beams of the interferom- 
eter use the same atmosphere for all measurements. 
Therefore, because the system of the preferred em- 
bodiment of the invention measures the refractive in- 
dex of the atmosphere in the region of the second opt- 
ical component where the path difference between 
the two measuring component beams is established, 



the refractive index of the atmosphere at any position 
of the reflectors along the movement path of the sec- 
ond component can be determined. Hence where the 
atmosphere is unchanging from one measurement to 
5 another, it is possible to calibrate the complete meas- 
urement path for changes in the average refractive in- 
dex. 

Fig 3 shows diagrammaticaily an embodiment of 
the invention in which the fixed path length difference 

w is established between the two reference beams of 
the two interferometers. 

A cubic beam splitter 100 is used to replace the 
beam splitter 26. The two beams 20,18 are directed 
at the beam splitter and the transmitted portions 

15 102,104 are directed towards a conventional retrore- 
f lector 106 to be reflected back along parallel but 
transversely displaced paths to the beam splitter. The 
reflected portions 112,114 are directed towards two 
distinct retroreflectors 116,118, the axes of which are 

20 co-linear but the reflecting surfaces of which are ax- 
ially displaced to provide the required fixed path 
length difference. 

The beams returning from the reflecting surfac- 
es of the retroreflectors 106,116,118 are re-combined 

25 at the beam splitter to produce the two output com- 
bined beams 32,36 which pass to the detector system 
and produce the required output signals as described 
with reference to Fig 1. 

It is possible in both of the above described em- 

30 bodiments, by ensuring that the physical path length 
difference between the two interferometers is less 
than a predetermined length to arrange that the re- 
f ractometer determines the refractive index absolute- 
ly. For example, our European Patent Publication No. 

35 508,583, which is hereby incorporated into this de- 
scription by reference, details how, by creating a fixed 
physical path length difference of less than 6mm be- 
tween two interferometers, the refractive index of the 
atmosphere through which the beams pass can be 

40 measured absolutely provided the atmospheric con- 
ditions under which the ref ractometer will be used do 
not change by more than 100 parts per million be- 
tween measurements. 

Thus in one embodiment of the invention, the 

45 thickness of the ZERODUR plates is such that the 
fixed physical path length difference is less than 6mm 
and provides an absolute range of 100 parts per mil- 
lion for the measurement of the refractive index. 
Also by using the technology of "chirped radar", 

so or by using a frequency tunable laser diode for one of 
the light sources it is also possible (as is known from 
U.S. Patent No. 3,970,389) to measure the distance 
from the beam splitter to the object absolutely. 
To achieve such a wide absolute range requires 

55 fine interpolation which can be expensive. To cut 
down on the interpolation requirements, thicker ZER- 
ODUR plates can be used to provide a fixed path 
length difference of a greater length for example 



4 



7 



EP 0 657 713 A2 



8 



tector means includes means (54,56,62,66) for 
providing from the two output combined beams 
electrical signals (64,58,60) indicative of both the 
relative phase difference of the two output com- 
5 bined beams, and the temporal phase changes of 

at least one of the output combined beams. 

2. Interferometric measuring apparatus according 
to claim 1 characterised in that one of the meas- 

10 uring component beams (30) is directed towards 
a reflecting surface (46A) of a first retroreflector 
(46,48) on the moving object, the other one of the 
measuring component beams (34) is directed to- 
wards a reflecting surface (42A) of a second ret- 

15 roref lector (42,44) on the moving object, and the 
first and second retroreflectors are positioned 
relative to each other so that there is a fixed 
known path length difference between the two 
measuring component beams. 

20 

3. Interferometric measuring apparatus according 
to claim 2 characterised in that the optical axes 
of the two retroreflectors are co-linear. 



12mm and a corresponding absolute range of 50 
parts per million. Clearly the thicknesses of the two 
ZERODUR plates can be chosen from a whole range 
of thicknesses depending on the range of atmosphe- 
ric conditions expected to be encountered, and on the 
acceptable cost of the apparatus. 

If accuracy is required to be better than 1 part per 
million, and we have 100 parts per million range of va- 
riation of the refractive index, then when using a laser 
producing light at a frequency of 633 nanometres, the 
interpolator will need to have an accuracy of better 
than 3 nanometres to provide the required accuracy 
for a signal which is the difference of two detector sig- 
nals. 

A detector which can be built to have this accura- 
cy is described in our European Patent No. 326603. 

The preferred embodiment described above 
makes use of a hollow roof-top retroreflector, al- 
though solid glass components could be substituted. 
Other retroreflectors could also be substituted for ex- 
ample, hollow, or solid corner cube reflectors or even 
plane mirrors, although these introduce other prob- 
lems. 

For example solid glass components unless they 
have insignificant thermal coefficients would need to 
be arranged co-linearly and be very accurately 
aligned and mechanically locked together to minimise 
errors due to relative displacements, and the beam 
paths would have to be common mode to minimise er- 
rors due to thermal growth. 



Claims 

1. Interferometric measuring apparatus compris- 
ing: 

means (10,14,16) for producing two colli- 
mated, coherent light beams (18,20), 

beam splitting means (26;100) for produc- 
ing from each of the two light beams (18,20) a 
measuring component beam (30,34;102,104) 
and a reference component beam 
(31,35;112,114) f the measuring component 
beams being directed in parallel towards reflect- 
ing surfaces (46A.42A) on an object the move- 
ment of which is to be measured, the beam split- 
ting means re-combining the respective measur- 
ing and reference component beams after reflec- 
tion of the measuring component beams from 
said surfaces to produce two output combined 
beams (32,36), 

detector means (52,50) for receiving each 
of the two output combined beams, 

characterised in that a known fixed path 
length difference is established either between 
the two reference component beams 
(31,35;112 f 114) or between the two measuring 
component beams (30,34,102,104), and the de- 



25 4. interferometric measuring apparatus according 
to claim 3 characterised in that one of the retro- 
reflectors comprises reflecting plates (46,48) 
mounted on the other retroreflector alongside the 
reflecting surfaces (42A,44A) thereof. 

30 

5. Interferometric measuring apparatus according 
to claim 1 characterised in that one of the refer- 
ence component beams (112) is directed towards 
a first fixed reference reflector (116), and the 

35 other one of the reference component beams is 

directed towards a second fixed reference reflec- 
tor (118), and the two reference reflectors are 
positioned relative to each other so that there is 
a fixed known path length difference between 

40 the two reference component beams. 

6. Interferometric measuring apparatus according 
to claim 4 characterised in that the plates (46,48) 
are made from a material having a low coefficient 

45 of thermal expansion. 

7. Interferometric measuring apparatus according 
to any preceding claim, characterised in that the 
two collimated, coherent light beams are pro- 

50 duced from a common laser light source. 

8. Interferometric measuring apparatus compris- 
ing: 

means (10,14,16) for producing two collh 
55 mated, coherent light beams (18,20), 

beam splitting means (26; 100) for produc- 
ing from each of the two light beams (18,20) a 
measuring component beam (30,34; 102, 104) 
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and a reference component beam 
(31,35:112,114), the measuring component 
beams being directed in parallel towards reflect- 
ing surfaces (46M2A) on an object the move- 
ment of which is to be measured, the beam split- 5 
ting means re-combining the respective measur- 
ing and reference component beams after reflec- 
tion of the measuring component beams from 
said surfaces to produce two output combined 
beams (32,36), 10 

detector means (50,54;52,56) for receiv- 
ing each of the two output combined beams and 
for producing an output signal (58,60) from each 
beam, 

characterised in that a known fixed path 15 
length difference is established either between 
the two reference component beams 
(31,35;112,114) or between the two measuring 
component beams (30,34,102,104), and the de- 
tector means includes further means (62,66) for 20 
providing from the two output signals a signal 
(64) equal to the difference in the two output sig- 
nals and which is related to a change in refractive 
index of the surrounding atmosphere, and a sig- 
nal (68) indicative of a change in at least one of 25 
the output signals and which is related to the dis- 
tance moved by the object 
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(54) Combined interferometer and refractometer 

(57) A combined interferometer and refractometer 
includes two interferometers each of which uses a light 
beam produced from a common source which are split 
into measuring component beams and reference com- 
ponent beams. The measuring component beams are 
directed along parallel paths to an object and are reflect- 
ed back from reflecting surfaces on the object which is 
so positioned as to produce a fixed path length differ- 
ence between the beams. The reflected beams are re- 



combined with the reference component beams to pro- 
duce output beams which pass to a detector system 
which derives an output signal from each. Changes in 
refractive index are determined from any difference in 
the two output signals, and the distance moved by the 
object is determined from any change in either one of 
the output signals or by summing them and dividing by 
two. Methods are described whereby the measure- 
ments of refractive index or of distance can be made 
absolute. 
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